Abstract A family of faujasite (FAU) zeolites with different Si:Al ratio, and/or hierarchical porosity introduced via postsynthetic alkaline desilication treatment, have been evaluated as solid acid catalysts for esterification pretreatments of pyrolysis bio-oil components. Acetic acid esterification with aliphatic and aromatic alcohols including methanol, anisyl alcohol, benzyl alcohol, p-cresol and n-butanol was first selected as a model reaction to identify the optimum zeolite properties. Materials were fully characterised using N 2 porosimetry, ICP, XRD, XPS, FT-IR, pyridine adsorption, NH 3 TPD, In-situ ATR and inverse gas chromatography (IGC). IGC demonstrates that the surface polarity and hence hydrophobicity of FAU decreases with increased Si:Al ratio. Despite possessing a higher acid site loading and acetic acid adsorption capacity, high Al-content FAU possess weaker acidity than more siliceous catalysts. Esterification activity increases with acid strength and decreasing surface polarity following the order FAU30>FAU6>FAU2.6. The introduction of mesoporosity through synthesis of a hierarchical HFAU30 material further enhances esterification activity through improved acid site accessibility and hydrophobicity. Methanol was the most reactive alcohol for esterification, and evaluated with HFAU30 for the pretreatment of a real pyrolysis bio-oil, reducing the acid content by 76% under mild conditions.
Introduction
The depletion of fossil fuel resources and concerns over climate change and CO 2 emissions have driven the quest for clean catalytic technologies for the production of green and renewable energy. Of possible future energy platforms, biomass-derived (nonedible) lignocellulose and triglycerides are the only sustainable sources of carbon that can provide low cost solutions for transportation fuels and organic chemicals [1, 2] . Despite their promise, significant technical hurdles exist to use of such biomass feedstocks limit their economic deployment.
Biomass pyrolysis in an oxygen-free or oxygen-limited environment is commonly used to produce liquid bio-oil for energy applications. However, depending on the nature of feedstock, reaction temperature and residence time, biooils with different compositions and properties can be generated. The resulting bio-oils typically contain C 1 -C 3 organic acids which lead to corrosive liquids with low pH (pH = 2-3) that are inherently unstable at room temperature, deteriorating via polymerisation and condensation reactions on storage. Consequently, the produced bio-oil from Electronic supplementary material The online version of this article (doi:10.1007/s13399-017-0254-x) contains supplementary material, which is available to authorized users. pyrolysis of biomass suffers from severe limitations that can be only overcome if the bio-oil is upgraded to improve its properties; this represents an area where progress is required in catalyst development, particularly in relation to pretreatment processes to reduce bio-oil acidity and hence improve the lifetime of deoxygenation catalysts employed in subsequent upgrading steps [3, 4] .
Esterification is of significant industrial importance for the production of solvents, fragrances and polymers from the reaction of organic acids with alcohols (e.g. polyethylene terephthalate, acrylate esters and cellulose acetate) and emerging as a key pretreatment for the production of biodiesel [5] and advanced biofuels from pyrolysis oils [6] . Esterification of free fatty acid (FFA) impurities present in plant, algal and waste oil feedstocks prevents neutralisation of base catalysts employed in the transesterification of triacyl glyceride components and minimises corrosion of vehicle fuel tanks and engine blocks [7] . In the context of pyrolysis oils, esterification of C 2 -C 3 acids with short-chain bio-derived alcohols such as methanol, ethanol or butanol would be desirable. To address these issues, development of a noncorrosive and recoverable heterogeneous catalyst for esterification pretreatments is critical [5] . In this respect, various solid acid catalysts have been studied for organic acid esterification, including SO 4 / ZrO 2 [8] [9] [10] , sulfonic acid functionalised (hierarchical) mesoporous SBA-15 [7, [11] [12] [13] [14] [15] KIT-6 [16] and PMO [17] silicas, Cs-exchanged heteropolyacids [18] [19] [20] [21] [22] , tungstated zirconia [23] , zirconium phosphate [24] [25] [26] and Nafion/SiO 2 composite (SAC-13) [27] . Among the solid acid catalysts, zeolites are efficient catalysts for esterification [28] [29] [30] due to their strong Brønsted acidity and tunable physical and chemical properties through altering their framework Si:Al ratio and structure.
The application of zeolites in petrochemical processes is long established; however, their application in biorefining and biomass processing is relatively recent [28] . Zeolites are employed in biomass transformation for the depolymerisation of cellulose, hydrolysis of polysaccharides, transformation of triglycerides (transesterification), bio-oil upgrading by fluid catalytic cracking, hydrogenation, hydrodeoxygenation, transformation of sugars and sugar alcohols (aromatisation, dehydration, dehydrogenation, hydrogenation) and glycerol conversion [31] . Among zeolites, faujasite (FAU) is of particular interest due to its large-scale petrochemical application and excellent acidic properties and hydrothermal stability [32] . Highly siliceous faujasite can be obtained by a postsynthesis treatment (dealumination) in which the Al atom is expelled from the zeolite lattice, forming extra-framework Al species. There are various methods for dealumination including thermal or hydrothermal treatments, chemical treatments and acids leaching. The resulting material, FAU zeolite, possesses a modified framework Si:Al ratio, structure and acidity which in turn modify catalytic performance [32] . The amount of extra-framework Al species, formed during the process of dealumination, is believed a key factor influencing catalytic activity [33] . In an early related investigation, Corma and coworkers [28] studied the influence of cation exchange over NaHY zeolites upon phenylacetic and benzoic acid esterification with ethanol between 25 and 110°C, showing that only the strongest acid sites, possessing 0-1 Al next-nearest neighbours, were active and hence the best catalysts obtained for Si:Al >15. Titration of the acid site strength and density via pyridine adsorption indicated that esterification required strong acid sites, with Brønsted acid strength inversely proportional to the number of Al atoms in the secondary coordination sphere. Acid preadsorption revealed that protonation of the carbonyl group of phenylacetic acid was rate limiting. It was also suggested that dealumination increased surface hydrophobicity, displacing reactively formed water from active sites during esterification and shifting the equilibrium towards the ester, although the hydrophobicity of dealuminated catalysts was not determined.
A limitation of zeolites in liquid phase catalysis is associated with their microporosity [34] , which raises issues pertaining to mass transport limitations for bulky substrates. The development of zeolites with either hierarchical pore networks [34] [35] [36] [37] [38] or larger more accessible pore diameters is hence of interest [39] . Hierarchical porosity can be introduced into zeolites via templating and/or desilication; the former being part of zeolite synthesis and the latter a postsynthetic modification [40] . Desilication through treatment with alkaline solutions of Na 2 CO 3 or NaOH selectively removes Si from zeolites [35, 37, 41] . In a study by Čimek et al., the importance of aluminium removal as a prerequisite to desilication was investigated by varying the dissolution conditions [41] . The synthesis and application of hierarchical and large pore zeolites has been extensively reviewed [39, 40, 42, 43] .
While Milina et al. [44] reported the link between different framework types and compositions of zeolites and their activity in acetic acid esterification, here we report the effect of varying Si:Al ratio of a FAU zeolite on its physicochemical properties and catalytic performance in acetic esterification with a range of alcohols obtainable from biomass. Hydrophobic properties of FAU zeolites were explored by inverse gas chromatography, and the influence of pore hierarchy was also investigated, with the optimum zeolite composition evaluated for esterification pretreatment of a thermal pyrolysis oil.
Experimental

Catalyst preparation
A series of faujasite zeolites with various Si:Al ratio was acquired from Zeolyst International. The catalysts were calcined in static air at 550°C with a heating rate of 5°C min −1 for 5 h. ) for 5 h. All catalysts were dried at 100°C for 1 h prior to catalytic tests.
Catalyst characterisation
Porosimetry N 2 adsorption at 77 K was undertaken in a Micromeritics TriStar II instrument. Prior to the measurement, the samples were evacuated at 300°C for 3 h.
XRD The crystalline nature of FAU zeolites was verified by wide angle X-ray powder diffraction (XRD) on a Bruker D8 Advance diffractometer using the Cu Kα line in the range 2θ = 10-80°with a step size of 0.04°.
XPS X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis HSi photoelectron spectrometer equipped with a charge neutraliser and Mg Kα X-ray source (hν = 1253.6 eV). Spectra were recorded at normal emission with an analyser pass energy of 20 eV and X-ray power of 225 W.
ICP-OES
The Si and Al contents of the bulk of the samples were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) on a Horiba Ultima 2 instrument equipped with a photomultiplier tube detection. ) was adsorbed three times at 200°C for 30 min, followed by He purging at the same temperature for 1 h. NH 3 desorption was monitored by mass spectrometry in the range of 200-700°C using a heating rate of 10°C min , using a previously determined extinction coeffic i e n t o f ε B r ø n s t e d = 1 . 6 7 c m μ m o l − 1 a n d ε Lewis = 2.94 cm μmol
IGC Surface properties were determined according to literature methods [45, 46] . The measurements were performed at infinite dilution in the Henry region (p/p 0 = 0.04) to exclude interactions between probe molecules on material surface. Approximately 5 mg of catalyst was packed into a glass column (300 mm × 2 mm i.d) by tapping until no cracks or hollows were present in the powder bed. The columns were loosely stoppered with quartz wool in both ends. Then, the powder filled columns were outgassed under helium for 2 h at 120°C to remove adsorbed water and impurities on the surface. Probes including methanol, acetonitrile, ethyl acetate, dichloromethane, n-hexane, n-heptane, n-octane, n-nonane and n-decane were carried into the column by helium with a gas flow rate of 10 sccm (standard cubic centimeter per minute), and the retention times were detected by a flame ionisation detector (FID). The dead volume, the retention volume if there is no interaction between probe and solid, was calculated based on the elution time of methane which was run at a concentration of 0.1 p/p 0 , where p is the partial pressure and p 0 is the saturation pressure. Five alkanes (i.e. hexane, heptane, octane, nonane and decane) were used to determine the dispersive surface energy (γ d s ), and four polar probes (i.e. methanol and ethyl acetate, dichloromethane and acetonitrile) were used to determine the polar energy (γ p s ). All the samples were recorded at identical IGC conditions (T = 120°C, F = 10 ml min −1 ), and all the reagents have high purity (99%). The surface polarity (γ p ) was then calculated as the ratio of the polar component to the total surface energy [47] .
In situ ATR Infrared spectra were recorded on a Thermo Nicolet FT-IR spectrometer, equipped with a liquid nitrogen cooled MCT (mercury cadmium telluride) detector and an external attachment for ATR-IR measurements. The ATR crystal for a liquid flow-through cell is made of ZnSe and has trapezoid shape and has dimensions of 80 mm × 10 mm × 4 mm, resulting in ten reflections for a 45°reflection crystal. The spectrometer was constantly purged with nitrogen to avoid H 2 O and CO 2 contamination. All spectra were measured at room temperature at a resolution of 4 cm
, using the crystal spectra as background. Methanol subtraction and baseline corrections were performed to eliminate the strong signal due to the solvent and minor fluctuations due to instrumental instabilities, respectively. A slurry of catalyst powder was prepared from 30 mg catalyst and 3 ml methanol to yield a thin layer of catalyst. After sonication for 15 min, thin films were formed by dropping the slurry onto a ZnSe internal reflection element (IRE). The solvent was evaporated at ambient temperature overnight to obtain a uniform thin layer of catalyst on the ZnSe crystal. First methanol was passed through the cell and over the catalyst to saturate the catalyst surface with methanol for half an hour. Then, a solution of acetic acid in methanol with concentration of 0.1 M at a flow rate of 0.8 ml min −1 was passed over the catalyst film by means of a syringe pump for another half an hour. Finally, acetic acid was removed from catalyst surface by flushing with pure methanol. A schematic of the experimental setup of flow cell used for the study of ATR-IR spectroscopy is given in Fig. S1 .
Catalytic tests
Batch esterification was performed using a Radleys Carousel Reactor Station at atmospheric pressure, unless for reactions with methanol which were performed in Ace pressure flasks equipped with a deep tube and valve, under autogenous pressure. 25 mmol alcohol (p-cresol, n-butanol, benzyl alcohol, anisyl alcohol and methanol, Sigma-Aldrich), 5 mmol of acetic acid (Fisher Scientific), 10 ml toluene (Fisher Scientific) as solvent and 0.5 mmol of dihexyl ether (SigmaAldrich) as an internal standard were added to the reactor under stirring at 100°C. 100 mg of catalyst was also added to the reaction after 1 h drying at 100°C. For reactions with acid:alcohol ratio = 1 or 5, the amount of acid and alcohol adjusted, respectively. Aliquots of the reaction mixture periodically withdrawn and filtered and analysed on a Varian 3900 GC equipped with a Phenomenex ZB-50 column. All catalytic profiles are an average of three injections per sample. Conversions reported are based upon change in the concentration of acetic acid, with initial rates calculated over the first hour of reaction, wherein the conversion profile was linear. Turnover frequencies (TOFs) were determined from the initial rate of acetic acid conversion (from the linear portion of the reaction profile) normalised to the Brønsted acid site loadings calculated from pyridine adsorption. Bio-oil from thermal pyrolysis of oak woodchips was provided by the Centre for Research and Technology-Hellas (CERTH). The measurement of bio-oil acid content was carried out according to modified D664A acid number titration method [48] . Briefly, 1 g of bio-oil was added into 100 ml ethylene glycol/water solution (95:5 vol:vol), and then the mixture was titrated with 0.1 N KOH solution in 2-propanol, and the pH of the mixture was monitored by a pH meter (Jenway 3510) until pH 7 was obtained. For the esterification of bio-oil, the equivalent mass of 5 mmol acid-containing bio-oil was mixed with 150 mmol methanol, and 100 mg of catalyst and the reaction was carried out at 100°C in a sealed Ace pressure flask. After 3 h, the reaction was stopped by cooling down the flask. Then, a sample was withdrawn, filtered and titrated with similar method as explained before (Fig. 1) .
Bio-oil characterisation was obtained by GC×GC-ToFMS, after proper dilution in MeOH and without any other pretreatment. The GC×GC analytical system was an Agilent 7890A GC , injection volume of 0.5 μL at a split ratio of 1:20 and an injection temperature of 250°C. Temperature programming was performed at an initial temperature of 35°C of the primary GC oven and was kept stable for 10 min. Then, the temperature increased at a rate of 3°C min −1 up to 250°C, and afterwards with a rate of 15°C min −1 up to the final temperature of 330°C, where it was kept stable until the end of the program. Total run time was 102 min. The secondary oven was programmed 15°C ahead of the primary GC oven gradient. Modulator temperature offset was 30°C. The data acquisition and peak identification were based on the NIST05 library, using as minimum identification criteria similarity of 700 and S/N ratio of 50. The classification of the compounds was performed by borderline group type classification [49] . Recycle tests were performed by recovering the HFAU30 after 3 h esterification of thermal pyrolysis bio-oil via filtration. The spent catalyst was washed with 200 ml methanol and 3 Results and discussion 3.1 Catalyst characterisation Figure 2 shows the N 2 adsorption-desorption isotherms for the series of FAU zeolites under investigation, which show a progressive development of the hysteresis loop and intraparticle mesoporosity as the Si:Al ratio of the zeolites increases. A further enhancement in mesoporosity is observed upon alkaline treatment of FAU30 to generate HFAU30, consistent with previous reports [50, 51] . XRD shown in Fig. S2 confirms that all FAU catalysts are highly crystalline, and that crystallinity of FAU30 sample was preserved after alkali treatment. XPS analysis was carried out to analyse the surface composition and probe the changes in the surface properties upon variation in Si:Al ratio (Fig. 3) . Table S1 reports the Si:Al surface and bulk ratios, as determined by XPS and ICP, respectively, the values for which are consistent, suggesting the aluminium is evenly distributed throughout the zeolite framework. Perturbation of the Si 2p region was observed with increasing Al content, previously attributed to the generation of Si-O-Al species (102 eV binding energy) [52] , whose surface concentration was proportional to Al content (Fig. S3) . The O 1s spectra also reveals the emergence of a new O statẽ 531 eV with increasing Al content and is likewise attributed to Si-O-Al species.
Zeolite acidity was probed by NH 3 TPD and pyridine adsorption (FT-IR) to quantify the number and type of acid sites, and the results of which are summarised in Table 1 . NH 3 TPD revealed that the acid site density of FAU zeolites decreased significantly with increasing Si:Al ratio (Fig. 4) , although there was no systematic variation in acid strength and pyridine adsorption showed minimal change in the corresponding Lewis:Brønsted ratio. Alkali etching to produce the mesoporous HFAU30 material did not significantly alter the acid site loading, but increased the Lewis:Brønsted ratio consistent with surface defects formation upon etching. [53] IGC was employed to determine the surface polarity of zeolites, which is calculated from the dispersive and specific surface energies shown in Table 2 . Surface polarity varies inversely with hydrophobicity and was found to decrease with increasing Si:Al ratio for the FAU samples, dropping considerably for the hierarchical HFAU30 zeolite sample. Considering the surface polarity of hydrophobic materials such as polyethylene (0.0) and PVC (0.05), and hydrophilic Pharmatose P450 (0.81) [54] , polarity variations across the FAU family were relatively small, except for the HFAU30. The change in polarity of FAU zeolites is consistent with the expected increased density of ≡Si-O-Si≡ centres as the Si:Al ratio increases [55] and is in good agreement with studies of water adsorption on zeolites, where increased nonpolar ≡Si-O-Si≡ centres leads to increased hydrophobicity [56] . The specific free energy of adsorption of methanol (−ΔG ads SP MeOH) also decreased with increasing Si:Al ratio indicative of a weaker interaction of polar molecules over surfaces with increased ≡Si-O-Si≡ groups. Surface polarity is determined by comparing the elution of (relatively small) polar and (relatively bulky) alkane probe molecules through each zeolite. Fast elution indicates a poor interaction with the surface and hence a dissimilar chemical nature between probe molecule and zeolite. Enhanced transport of alkanes purely through mesopore introduction would therefore result in an apparent increase in surface polarity, the opposite to the change observed in Table 2 , wherein HFAU30 exhibits a decreased surface polarity relative to its microporous counterpart. The greater hydrophobicity of HFAU30 relative to FAU30 is also evident from the lower −ΔG ads SP MeOH of the former and hence is not an artefact of superior mass transport due to mesopores. The lower surface polarity of HFAU30 may well reflect increased surface roughness due to the etching pretreatment. Increasing zeolite hydrophobicity may promote esterification through the displacement of reactively formed water from active sites which may otherwise cause reversible site blocking [57] .
In situ, ATR-IR studies of acetic acid adsorption were further undertaken to assess the impact of Si:Al ratio on the adsorption behaviour of the parent FAU zeolites. Figures S4-S6 show the resulting vibrational spectra obtained during acetic acid adsorption from methanolic solution. Rapid surface saturation was [58] . The concomitant loss of surface methoxy groups observed as a broad negative peak between 3100 and 2800 cm −1 (Fig. S7) suggests that acetic acid displaces methanol from the zeolite surface. The simultaneous growth of acetic acid features and loss of methoxy species is indicative of competitive adsorption between methanol and acetic acid and consistent with a Langmuir-Hinshelwood surface reaction model for esterification. Figure 5 shows the integrated peak area of the γ C-O (1270 cm −1 ) band during acetic acid adsorption/desorption over the FAU zeolites and reveals that the saturation coverage of acetic acid is inversely proportional to Si:Al ratio (Fig. 5  inset) and hence directly proportional to acid site density and surface polarity, consistent with vapour phase IR measurements [58] that suggest only zeolitic bridging hydroxyls Si-OH-Al (zeol) are able to reactively adsorb acetic acid via:
The utility of FAU zeolite family of materials for the esterification of acetic acid with various alcohols (Fig. 6 ) was subsequently explored in toluene as a simulated bio-oil matrix. Reaction profiles are shown in Fig. S8 . Figure 7 illustrates the performance of the FAU zeolites with different Si:Al ratios and the hierarchical version of FAU30, in esterification of acetic acid with various alcohols. The first striking observation is that methanol is the most reactive alcohol among the tested alcohols, followed by anisyl alcohol, benzyl alcohol, p-cresol and butanol. The higher reactivity of methanol is explicable by a LangmuirHinshelwood bimolecular surface reaction model in which coordination of the alcohol and the organic acid at adjacent Brønsted acid sites are necessary and likely reflect both electronic and steric effects. For alcohols, increased alkyl chain length (or addition of other organic groups such as aromatic rings) is accompanied by enhanced electron-donating properties which are expected to destabilise the protonated transition state, hence slowing esterification. Smaller alcohols are also expected to adsorb more weakly relative to longer chain alcohols (of higher pKa which experience greater dispersive interactions with any surface), with the latter favouring alkoxide formation and concomitant site blocking and hence lower reactivity. More sterically demanding alcohols may also experience poorer configurational access to protonated (or activated) carboxylates due to increased distance from neighbouring acids sites. Diffusion limitations may also restrict the accessibility of in-pore acid sites for bulky alcohols contributing to their lower TOFs [59] . Irrespective of the alcohol type or saturation acetic acid coverage, the per site activity increased with Si:Al ratio, correlating with increasing hydrophobicity (Fig. 8) which thus emerge as the most important factors controlling catalytic activity. Product selectivity to the acetic acid ester was >99% for methanol, n-butanol and p-cresol; however, significant side products were observed for benzyl and anisyl alcohols. For benzyl alcohol, dibenzyl ether (the product of benzyl alcohol etherification) and an alkylation product formed, whereas anisyl alcohol only yielded the ester and ether: anisyl alcohol was more susceptible to etherification than benzyl alcohol. Figure S9 shows that the Si:Al ratio had little impact on the ester selectivity in acetic acid esterification with benzyl or anisyl alcohols. HFAU30 was subsequently evaluated for acetic acid esterification with methanol and benzyl alcohol to assess the impact of mesoporosity on mass transport. This revealed that a 30-50% increase in TOF for both alcohols as a result of increased acid site accessibility (and hydrophobicity).
The effect of acid:alcohol ratio on activity was also investigated, with reaction profiles shown in Fig. S10 . Figure 9 reveals that increasing this ratio from 1:5 → 5:1 progressively increased TOFs, consistent with a Langmuir-Hinshelwood bimolecular surface reaction, wherein strongly bound alcohol inhibits esterification [59] .
The recyclability of FAU30 and HFAU30 was explored in acetic acid esterification with methanol in presence of toluene without any regeneration between the runs. No loss in catalytic activity was observed after three consecutive runs, indicating excellent recyclability of these catalysts under these reaction conditions.
The performance of FAU zeolites towards esterification pretreatment of a real bio-oil obtained by thermal pyrolysis of oak woodchips was subsequently explored in pressure flasks using excess methanol at 100°C. Figure 10 shows the resulting carboxylic acid conversions determined by titration. Acid conversion increased with Si:Al ratio and upon the introduction of hierarchical porosity, mirroring the observations from acetic acid esterification with model alcohols, albeit with lower conversions than observed for the simulated bio-oil, likely as a result of the water content of the pyrolysis oil (which may reversibly poison the acid sites) or presence of bulky organic components (e.g. oligomers/polymers) which may induce pore blockage [60] .
In accordance with the results obtained for acetic acid esterification, HFAU30 was the most active catalyst for bio-oil esterification, and the esterified product from this catalyst was therefore analysed by GCxGC-ToFMS to identify products. 12 show chromatograms of the initial and esterified bio-oils, respectively. In both cases, the chromatographic space is divided into six discreet areas: acids and esters, aldehydes and ketones (including furanoics and cyclic carbonyls), hydrocarbons (saturated and unsaturated nonaromatic), aromatic hydrocarbons, phenolic compounds, and sugars. Compounds that were not identified by the library and/or did not meet the required identification criteria were classified as 'unidentified'. Based on these criteria, a more detailed group classification of the compounds along with their relative chromatographic area is presented in Table 3 .
Comparing the chromatograms of the initial (Fig. 11 ) and esterified bio-oil (Fig. 12) , it is obvious that catalytic pretreatment altered the peak distribution in different chromatographic areas. In particular, there is a significant reduction in the number of phenolic, aldehyde and ketone species [61] , as quantified in Table 3 . A few aromatic hydrocarbons detected in the initial bio-oil were also absent from the esterified one. A pronounced decrease in acetic acid (in the acids area) and levoglucosan (in the sugars area) was apparent from the esterified bio-oil chromatogram. The main peak in Figure 12 is attributed to methyl acetate (representing 34.3% of the chromatographic area), verifying successful esterification of the principal acid present in the bio-oil. Smaller peaks corresponding to methyl propanoate and hexanoate were also detected. A peak attributed to glycolaldehyde dimenthyl acetal corresponds to the second highest peak area of the esterified bio-oil chromatogram. Previous studies have demonstrated that in alcohol media, levoglucosan can be transformed by acid catalysts to methyl levulinate with intermediate glycolaldehyde (GA) formation [62, 63] . However, under such conditions, GA may be partly deactivated via glycolaldehyde dimethyl acetal (GDA) formation. We propose that levoglucosan in the initial bio-oil was converted to GA (minor peak representing 0.2% of the chromatographic area, Fig. 12 ), which in turn formed GDA (major peak representing 32.2% of the chromatographic area, Fig. 12) ; methyl levulinate was not detected in the esterified bio-oil. Deactivation of HFAU30 following esterification of thermal pyrolysis bio-oil was subsequently explored. Spent catalyst was divided into two portions: one washed with methanol and the other recalcined after a methanol wash with the goal of completely removing any carbon deposits. Temperatureprogrammed oxidation of an untreated spent catalyst revealed Acid:alcohol ratio the presence of 11 wt% carbonaceous residues post-reaction.
Reuse of the methanol-washed catalyst revealed around 65% of its initial activity was lost. In contrast, recalcination fully regenerated the activity of the fresh HFAU30 catalyst, evidencing site blocking by strongly adsorbed carbonaceous species as the principle deactivation pathway.
Conclusions
A series of commercial FAU zeolites with different Si:Al ratios (2.6 → 30), and a hierarchically porous analogue of FAU30, were characterised by a range of bulk and surface sensitive analyses. IGC demonstrated that the hydrophobicity of FAU zeolites increases with Si:Al ratio, accompanied by a decrease in acid site loading, with minimal change in either acid strength or Lewis: Brønsted character. The introduction of pore hierarchy into the FAU30 structure further improved its physicochemical properties by enhancing hydrophobicity and acid site accessibility. Turnover frequencies for acetic acid esterification were proportional to the Si:Al ratio, suggesting that surface hydrophobicity plays an important role in displacing reactively formed water from surface acid sites; mesopores further promote esterification due to superior active site accessibility and surface hydrophobicity. Comparison of different aliphatic and aromatic alcohols revealed methanol as the most reactive, likely due to a combination of electronic and steric effects and superior in-pore diffusion to active sites. The hierarchical FAU30 catalyst proved efficient for the upgrading of bio-oil obtained from thermal pyrolysis of oak woodchips via esterification with methanol under mild conditions. 
